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Abstract 

The ability of acetylcholine (ACh) to alter specific functional properties of the cortex endows the cholinergic system with an 
important modulatory role in memory formation. For example, an increase in ACh release occurs during novel stimulus 
processing, indicating that ACh activity is critical during early stages of memory processing. During novel taste presentation, 
there is an increase in ACh release in the insular cortex (IC), a major structure for taste memory recognition. There is 
extensive evidence implicating the cholinergic efferents of the nucleus basalis magnocellularis (NBM) in cortical activity 
changes during learning processes, and new evidence suggests that the histaminergic system may interact with the 
cholinergic system in important ways. However, there is little information as to whether changes in cholinergic activity in 
the IC are modulated during taste memory formation. Therefore, in the present study, we evaluated the influence of two 
histamine receptor subtypes. Hi in the NBM and H3 in the IC, on ACh release in the IC during conditioned taste aversion 
(CTA). Injection of the H3 receptor agonist R-a-methylhistamine (RAMH) into the IC or of the H, receptor antagonist 
pyrilamine into the NBM during CTA training impaired subsequent CTA memory, and simultaneously resulted in a reduction 
of ACh release in the IC. This study demonstrated that basal and cortical cholinergic pathways are finely tuned by 
histaminergic activity during CTA, since dual actions of histamine receptor subtypes on ACh modulation release each have a 
significant impact during taste memory formation. 
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Introduction 

The central cholinergic system has long been associated with 
many aspects of cognitive functioning and there is clear evidence 
implicating cholinergic neurons in the mediation of learning and 
memory processes [1-3]. Acetylcholine (ACh) is released in the 
neocortex in response to a variety of behavioral and environmen- 
tal conditions [4—10]. 

The processing of a gustatory stimulus is very complex in and of 
itself because taste encoding encompasses both the immediate 
hedonic value of a tastant and one's overall experience with the 
perceived flavor. Accordingly, a gustatory memory is a represen- 
tation not only of the explicit characteristics of a taste, but also of 
its degree of familiarity. There is extensive evidence pointing to the 
importance of cholinergic activation as a marker of novelty. The 
role of ACh in the recognition of novel taste is well documented 
[1 1-15] and consistent with ACh's established involvement in the 
encoding of other types of novel-experience memories [4,16-19]. 

Conditioned taste aversion (CTA) is a gustatory conditioning 
paradigm in which subjects learn to avoid a particular taste when 
it is followed by gastric malaise [20]. During CTA acquisition, 
presentation of a novel taste, but not a familiar taste, increases 
ACh release in the insular cortex (IC), a central structure in taste 
recognition memory. Cholinergic cortical activity during taste 



memory acquisition differs from that during taste memory 
retrieval, supporting the notion that ACh may facilitate cortical 
plasticity during memory formation [5,13]. Moreover, there is a 
requirement for modulation of cholinergic cortical release and an 
intact nucleus basalis magnocellularis (NBM) in the cholinergic 
basal forebrain during the early stages of learning, but no such 
requirement during memory recall [4-7]. Notably, we demon- 
strated previously in the CTA paradigm that novel taste 
consumption elicits a significant increase in ACh release in the 
IC and that tetrodotoxin infusions into the NBM, which disrupt 
NBM-mediated release of ACh into the cortex and basolateral 
amygdala, impair acquisition, but not retrieval, of CTA [5] . 

This inverse correlation observed between familiarity and 
cholinergic activity [5,13] is congruent with the view that cortical 
ACh enhances responsivity to afferent sensory input while 
decreasing internal processing related to previously formed cortical 
representations [21]. At the behavioral level, the actions of ACh 
could be interpreted as an enhancement of attention or memory 
encoding [10,22-24]. In other words, cortical ACh could be 
supporting new stimuli encoding processes, at least in part, by 
reducing interference from previous memories, as has been 
suggested to occur in hippocampal circuits involved in long-term 
memory formation [23,25-28]. Hence, NBM-cortical cholinergic 
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interactions could be playing a similar role in taste recognition 
memory. 

Although ACh has been shown to modulate many other 
neurotransmitter systems, new studies suggest that the cholinergic 
system itself may receive modulation from the histaminergic 
system [6,29-32]. The NBM receives histaminergic afferents 
directly from the tuberomamUlary nucleus in the posterior 
hypothalamus, the main source of histaminergic projections and 
histamine is distributed throughout the entire cortex by histamin- 
ergic forebrain projections [33,34]. Histamine's broad presence in 
the forel)rain is consistent with sugg(;stions that it may act as a 
neuromodulator during memory formation [35—44] Furthermore, 
in a recent study, we demonstrated opposite roles for subtype 1 
(Hi) and subtype 3 (H3) histamine receptors in the NBM and the 
IC, respectively, two areas important for taste memory. That is, 
blockade of H 1 receptors in the NBM or activation of H3 receptors 
in the IC impaired CTA. These results demonstrated comple- 
mentary roles for Hi and H3 receptors in CTA that could be the 
result of cortical cholinergic activity modulation [45] . 

In the present study, we evaluated whether activation of the 
NBM via H 1 receptors or inhibition of the IC via H3 receptors 
affects cortical ACh release and influences taste memory 
formation. The presence and co-localization of Hi and H3 
receptors in the NBM and IC, respectively, were determined. The 
effects of intra-IC injections of the H3 receptor agonist R-a- 
methylhistamine (RAMH) and of intra-NBM injections of the Hi 
receptor antagonist pyrilamine, during acquisition, on long-term 
CTA memory were evaluated. Changes in ACh release in the IC 
were assessed by microdialysis in free-moving animals during both 
the acquisition and retrieval trials. 

Materials and Methods 

Animals 

Fifty-five male Sprague-Dawley rats, weighing 250-300 g at the 
time of surgery before CTA or sacrifice for immunofluorescence 
assays, were obtained from the Instituto de Neurobiologia 
breeding colony. Rats were placed in individual acrylic cages 
and maintained at 23°C under an inverted 12-h/12-h dark/light 
cycle; all behavioral protocols were implemented during the dark 
phase. Food and water were available ad libitum until the 
behavioral procedures began. The experiments were performed 
in accordance with the Mexican Laws for Animal Care (Norma 
Oficial Mexicana SAGARPA) and the relevant rules set forth by 
the Mexican Ministr)- of Health. The experimental protocol was 
approved by our local Animal Care Committee (Comite de 
Bioetica del Instituto de Neurobiologia de la UNAM) and 
confirmed to be in compliance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals (NIH 
publication 80-23, revised 1996). 

Immunofluorescence assays 

For the immunofluorescence analysis, 6 rats were overdosed 
with pentobarbital (60 mg/kg) and perfused transcardially with 
saline (0.9%) and fixative solution (4% paraformaldehyde in 0.1 M 
phosphate buffer [PBS]). The brains were cryoprotected in 30% 
sucrose solution, and 40 |J,m coronal sections of each whole brain 
were obtained in a cryostat (Leica CM1850, Microsystems Inc., 
Buffalo Grove, IL). Sections containing the IC or NBM of the 
same brain were placed on separate slides (Superfrost/Plus by 
Thermo Fisher Scientific Inc., USA) and stored at 4°C until 
processing. For double immunofluorescence, the slices were 
washed in PBS-Tween 20 and blocked with a solution containing 
2% donkey serum. 



After blocking, the IC slices were incubated at 4°C for 24 h with 
the following primary antibodies: monoclonal mouse anti-GAD65 
[1:100] (Santa Cruz Biotechnology, Dallas, TX) and goat anti- 
H3R [1:200] (Santa Cruz Biotechnology). The sections were 
washed in PBS and incubated for 2 h at room temperature with 
Alexa Fluor 488 rabbit anti-mouse IgG (Invitrogen, Life Tech- 
nologies, USA) and Texas Red bovine anti-goat IgG (Santa Cruz 
Biotechnology, Dallas, TX) secondary antibodies, both at [1:100]. 
The slices were washed in PBS again and incubated with 4',6- 
diamidino-2-phenylindole (DAPI) nuclear counterstain (Vector 
Laboratories, Burlingame, CA) for 25 min. 

Meanwhile, the blocked NBM slices were incubated with the 
following primary antibodies for 24 h at 4°C: monoclonal mouse 
anti-choline acetyl transferase (ChAT) [1:100] (Santa Cruz 
Biotechnology, Inc., Dallas, TX) and rabbit anti-Hl receptor 
[1:200] (Sigma, H6913, by Sigma Co., USA). Secondary antibody 
inc;ubation was as described above except that Cy2-conjugated 
goat anti-rabbit [1:100] and Cy3-conjugated donkey anti-mouse 
[1:100] antibodies (Jackson immunoresearch Laboratories, Inc., 
West Grove, PA) were applied. All slices were washed and 
mounted with Vectashield H-1000 (Vector Laboratories, Burlin- 
game, CA). 

For imaging, a Zeiss LSM 780 Meta confocal microscope (Carl 
Zeiss, Germany) with a 40x oil-immersion objective was used. We 
applied 488 nm stimulation to excite Alexa 488 and Cy2, 561 nm 
stimulation to excite Cy3 and Texas Red, and 750 nm stimulation 
to visualize DAPI. For quantitative image analysis, z-stack images 
(4 or 5 consecutive 512x512 confocal sections) were obtained 
every 5 |J,m (stack size of 450 |J,m in the X and Y dimensions) and 
processed in Aim Image Examiner software. ImageJ analysis 
software (http://rsbweb.nih.gov/ij/) was used for quantitation of 
double immunolabeling. The population of cells labeled by each 
fluorescent probe was measured independently and contrasted 
with the number of DAPI labeled nuclei in the IC or the number 
of ChAT-positive cells in the NBM. 

Cannulation 

Animals were anaesthetized with intra-parenchymal (i.p.) 
injections of ketamine (70 mg/kg) and xylazine (6 mg/kg) and 
submitted to standard stereotaxic procedures. One set of rats was 
implanted with a single 23 gauge stainless steel cannula aimed at 
2 mm above the left insular cortex (1.2 mm anterior, 5.5 mm 
lateral and 3 mm ventral to Bregma; injector protruded 3 mm 
from the cannula) and a microdialysis guide cannula with an 
infusion tube (BASi MD 2262) in the right IC (corresponding 
coordinates for opposite side, and 4.9 mm ventral to Bregma; 
probe protruded 2 mm from the cannula) [46] (Fig. lA). Another 
set of rats was implanted with two (bilateral) stainless steel 
cannulae aimed at 2.5 mm above the NBM (1.5 mm posterior, 
2.5 mm lateral and 4.9 mm ventral to Bregma; injectors 
protruded 2.5 mm from the cannulae) and one microdialysis 
guide cannula (BASi MD 2200) in the right IC (coordinates above) 
(Paxinos and Watson, 2004) (Fig. IB). The infusion cannulae and 
microdialysis guide cannula were fixed to the skuU with two 
surgical screws and dental acrylic cement. Stylets were inserted 
into the guide cannulae to prevent clogging. 

CTA 

Five days after surgery, after they had recovered completely, the 
rats were water deprived for 18 h, and then handled (~3 min/d) 
and habituated over 4 d to drinking water for 15 min from a 
graduated bottie to get stable baseline water consumption data. 
The next day, CTA acquisition training was applied as reported 
elsewhere [5, 1 3,47,48] . Briefly, a novel sweet taste (0. 1 % saccharin 
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RAMH „ PYRILAMINE 




Bilateral IC infusions during CTA acquisition and Bilateral NBM infusions during CTA acquisition and 
microdialysis in the IC during CTA acquisition or microdialysis in the IC during CTA acquisition or 

retrieval retrieval 



Figure 1. Coronal section diagrams and representative photomicrograpKis of the IC and NBM. Arrows in photomicrographs and dots in 
atlas diagrams show locations of stainless-steel cannulae; lines shows microdialysis probe trails. A) One stainless-steel cannula implanted in the left IC 
and one dual probe (with injector and cannula) implanted in the right IC. B) Stainless-steel cannulae placed bilaterally in the NBM and one cannula/ 
microdialysis probe in the right IC. 
doi:1 0.1 371/journal.pone.0091 1 20.g001 



solution) was presented for 15 min and, 45 min after the end of 
the drinking period, each rat was injected with LiCl (0.3 M, 
10 ml/kg. i.p.) for induction of gastric malaise. CTA memory was 
tested 24 h later by re-presenting 0. 1 % saccharin solution. All 
CTA procedures (i.e. water baseline, acquisition, and retrieval) 
were done in the microdialysis chamber. Water and saccharin 
consumption volumes were recorded. An aversive taste memory 
was considered to be present if animals significantly decreased 
their consumption relative to acquisition. 

Microdialysis 

As summarized in Figure 2, microdialysis performed during 
CTA acquisition or during CTA retrieval was conducted in eight 



independent groups. First, bilateral injectors were inserted into the 
stainless steel guide cannulae aimed at the NBM or a single 
injector was inserted into the unilateral guide cannula directed to 
the right IC (Fig. lA-B). Second, dialysis was started by 
connecting the probe inlet (BASi MD 2200 or MD 2262 dialysis 
probes with 2 mm membrane) to a microinfusion pump system 
(CMA Microdialysis, West Lafayette, IN) that circulated the probe 
continuously with Ringer's solution (118 mM NaCl 4.7 mM KCl 
2.5 mM CaCl2, and 10 |J,M neostigmine) at a rate of 2 (il/min to 
avoid ACh degradation, as described previously [5,49]. The 
circulating microdialysis probe was inserted into the guide cannula 
directed at the right IC, and then the rat was placed in the 
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Figure 2. Summary of microdialysis ACh sampling protocol in CTA behavioral paradigm. Microdialysis samples were collected every 
15 min from free-moving rats. A) During CTA acquisition, RAHM, pyrilamine, or saline was injected at the beginning of sample 5 (dark arrow), 30 min 
before saccharin consumption (gray bar), and LiCI was injected i.p. at the beginning of sample 1 1 (white arrow), 45 min after the saccharin 
consumption period had ended. B) During the CTA memory trial, ACh levels were measured in the absence of any injections. 
doi:1 0.1 371/journal.pone.0091 1 20.g002 
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microdialysis chamber. The initial 60-min sampling solution was 
discarded, and then samples were collected every 15 min. 

Fifteen microanalysis samples were collected from right IC 
during CTA acquisition (see Fig. 2 for procedure summary). Each 
consecutive sampling period was 15 min. The NBM or IC 
microinfusions were started right before collecting sample 5. 
Thirty minutes (2 samples) later, 0.1% saccharin was presented 
along with sample 7. An i.p. LiCl injection was given after a 45- 
min saccharin consumption period, right before collection of 
sample 1 1 . An additional four samples were collected before the 
microdialysis procedure was concluded. The same sampling 
procedure was repeated during CTA retrieval, except that no 
infusions or i.p. injections were administered (Fig. 2B). Immedi- 
ately upon being collected, all microdialysis samples were frozen at 
— 70°C or submitted to high-performance liquid chromatography 
(HPLC) analysis. 

Drug infusions 

Independent microdialysis groups were used during the CTA 
acquisition versus retrieval days (Fig. 1, bottom). In preparation for 
the microinfusions, patency stylets were removed and 30-gauge 
injection needles were inserted into the cannulae. The injection 
needles protruded 2.5 mm and 2.0 mm beyond the cannulae for 
the NBM and IC injections, respectively. The injectors were 
connected via polyethylene tubing to two 10 ^1 microsyringes 
driven by an infusion pump (Carnegie Medicine, Stockholm, 
Sweden). During CTA acquisition, the SALINE (vehicle control) 
groups were given 0.5 |J,1 microinfusions of saline (NaCl 0.9%) into 
the NBM or IC, the PYRILAMINE groups were given bilateral 
0.5 |ll microinfusions of pyrUamine (100 mM, Sigma- Aldrich) into 
the NBM, and the RAMH groups were given unilateral 
microinfusions of RAMH (10 \lM, Sigma- Aldrich) into the right 
IC via the stainless steel cannula and into the left cortex via a 
microdialysis probe attached to the infusion tube (see Fig. lA). The 
total volume of solution (0.5 |a.l per side of pyrUamine, RAMH, or 
saline) was dehvered over 1 min. Dose of pyrUamine and RAMH 
were based on previous behavioral studies which demonstrated the 
modulating role of histaminergic receptors on different learning 
tasks [42,50,53,54]. Injection needles were left inside the cannulae 
for one additional minute to allow diffusion of the injected solution 
into the tissue and to minimize dragging of the liquid back along 
the injection track. 

Determination of ACh levels 

The microdialysis samples were injected into a polymeric 
reversed-phase column (BASi). ACh was assayed in the dialysate 
by HPLC with electrochemical detection using an ACh/choline 
chromatographic assay kit (BASi, West Lafayette, IN) consisting of 
an ACh analytical column (BASi MF-6150) and an ACh/choline 
immobilized enzyme reactor (IMER, BASi MF-6151). The mobile 
phase had a 1 ml/min flow rate and consisted of a 50 mM sodium 
phosphate buffer (pH 8.5) supplemented with 0.05"'o Kathon 
reagent (BASi, West Lafayette, IN), a broad spectrum antimicro- 
bial suitable for enzyme preservation. ACh, separated in the 
analytical column, was hydrolyzed by acetylcholinesterase in the 
IMER into acetate and choline, which was then oxidized by 
choline oxidase into l)c'taine and hydrogen peroxide. Hydrogen 
peroxide was detected electrochemically by a platinum-working 
electrode at +500 mV with an Ag/AgCl reference electrode. The 
sensitivity limit was approximately 0. 1 pmol, and the signal/noise 
ratio was greater than 2. To evaluate the amount of ACh in each 
sample, a linear regression curve was made with ACh standards, 
and the peak areas of the compound in the samples were 
compared with those of the standards. ACh levels in the dialysate 



samples were calculated as pmol/ 15 min, and were not corrected 
for probe recovery (~60%). 

Histology 

One day after completing the microdialysis procedures, the 
animals were anaesthetized deeply with pentobarbital and 
perfused transcardiaUy with 4% formaldehyde in 0.9% saline. 
The brains were placed in fresh formaldehyde overnight and then 

transferred to a 30% buffered sucrose solution and stored at 4°C. 
Coronal sections (50 |xm thick) taken through the areas where the 
microdialysis probe and injectors had been were stained with 
cresyl violet and inspected under stereoscopic light (Fig. 1). Only 
data from animals with injector/probe tips located within the 
NBM and IC were included in the analysis. 

Statistical analysis 

The inter-group differences in consumption during CTA 
acquisition and retrieval were determined by repeated measures 
analyses of variance (ANOVAs) followed by Fisher's post hoc tests. P 
values <0.05 were considered significant, and all datum values are 
expressed as means ± standard errors of the mean (SEMs). To 
compare ACh levels, repeated measures ANOVA was carried out 
with the extracellular ACh level data (pmol/20 [il) from samples 
1-15. To analyze the source of detecti^d differences, a simple, one- 
way ANOVA between groups for each sample or paired t-test for 
each group samples, was performed when appropriate. 

Results 

Verification of probe placement 

Only animals confirmed to have their guide cannulae and 
microdialysis probe in the NBM (bilaterally) and IC were included 
in the data analyses (Fig. 1). Thirtec-n c:annulated animals were 
excluded due to misplacement of cannulae/injectors or the probe. 

H3 receptors co-localize with IC GABAergic cells and Hi 
receptors co-localize with NBM cholinergic cells 

Immunofluorescence conducted in six brains revealed that 85% 
of IC cells were positive for H3 receptors and that 50% of those 
cells were also reactive to anti-GADgs, indicating that H3 receptors 
are expressed in GABAergic cells in the IC (Fig. 3A-C). The Hi 
receptor was detected in 70% of CliAT-positive NBM cells, 
indicating that Hi receptors are expressed ubiquitously throughout 
the NBM chohnergic cell population (Fig. 3, D-F). 

CIA-impairing RAMH injections into the IC alter ACh 
release during CTA acquisition and retrieval 

As shown in Figure 4A, a repeated measures ANOVA indicated 
that ACh levels during CTA acquisition differed between samples 
(Fig = 3.465, j6<.01), but did not differ between groups 
(Fi g = 2.703, p>.Q5) and there was not a significant group x 
sample interaction (Fi g = 0.425, j!>>.05). Paired t-test for each 
sample revealed that the sample effect was due to significant 
differences between the amount of ACh released in control group, 
in samples 9 and 10 relative to the basal ACh levels in samples 2 
and 3 (p<.05). 

H3 receptor activation by RAMH during CTA acquisition 
affected saccharin consumption in the retrieval trial only (Fig. 4B). 
A one-way ANOVA showed no significant differences in baseline 
water consumption between the groups (data not shown). A repeat 
measures ANOVA for saccharin solution consumption during 
acquisition and retrieval days revealed significant effects of group 
(Fi_6 = 23.059, p<.Ol) and of experiment day (Fj^g = 19.443, 
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Figure 3. Confocal fluorescence microscopy images in the IC and NBM. Representative pictures of (A) I-I3 immunopositivity, (B) GADes 
immunopositivity, and (C) a merged image showing the co-localized expression of H3 receptors and GAD^s in the IC. Arrows point to H3/GAD double- 
labeled cells that where quantified with respect to DAPI-labeled nuclei (blue). Representative pictures of (D) H, immunopositivity, (E) ChAT 
immunopositivity and (F) a merged image showing the co-localized expression of H, receptors and ChAT. Arrows point to H,/ChAT double-labeled 
cells. 

doi:10.1371/journal.pone.0091120.g003 



p<.05), but not a significant interaction between these two factors 
(Fi 5 = 3.722, p>.05). Fisher's post hoc tests indicated that saccliarin 
consumption on the GTA acquisition day did not difTer 
significantly among the groups {p>.05), indicating that motivation 
to drink and liquid consumption were unafTected by the intra-IC 
RAMH microinfusions. Conversely, post hoc analysis showed that 
consumption during CTA retrieval did differ significantly between 
the groups (/)<.01). Animals that received intra-IC RAMH 
injections during CTA acquisition consumed significantly more 
saccharin solution during retrieval than did saline controls, 
indicating that the RAMH treatment impaired CTA memory 
formation. 

The levels of ACh detected in the IC during memory retrieval in 
the control and RAMH groups (injections during CTA acquisition 
and microdialysis only during retrieval) are reported in Figure 4C. 
A repeated measures ANOVA for ACh levels during the retrieval 
trial revealed significant group (Fi 8 = 8.01, p<.05) and sample 
(Fi,8 = 43.350, p<.Ol) effects, as well as a significant groupx 
sample interaction (Fii5= 12.150, ^<.01). A One-way ANOVA 
for each sample revealed higher ACh levels in the RAMH group 
than in the saline control group in sample 8 (Fi ^ = 15.775, /)<. 01), 
sample 9 (Fi^s = 12.456, p<.Ol), and sample 10 (F,,8 = 7.031, 
p<.05); these three samples were subsequent to presentation of the 
taste stimulus at the beginning of the seventh sampling period. 
Hence, the intra-IC RAMH treatment during CTA acquisition 
resulted in animals exhibiting a surge in ACh release during 
retrieval, as would be expected for a novel taste. 

H3 receptor activation in the IC by RAMH during acquisition 
disrupted long-term CTA memory (Fig. 4D). Baseline water 
consumption did not differ among the groups (ANOVA p>.05; 
data not shown). A repeated measures ANOVA for the amount of 
saccharin solution consumed during acquisition and retrieval days 
revealed significant effects of group (Fj 8 = 8.010 p<.05) and 
experiment day (Fi 8 = 43.350, p<.Ol), and significant interaction 
between these two factors [Fj 8= 12.150, p<.Ol]. Fisher's post hoc 



tests indicated that saccharin consumption on the CTA acquisition 
day was similar between the groups (/)>.05), indicating that the 
intra-IC RAMH injections during CTA acquisition had no effect 
on motivation or liquid consumption during conditioning. 
Nevertheless, post hoc analysis showed a significant difference in 
consumption between the groups during CTA retrieval {p<.Ql). 
Hence, intra-IC RAMH injections during CTA acquisition 
resulted in greater saccharin consumption during retrieval, 
indicating that the RAMH treatment impaired CTA memory 
formation. 

CTA-impairing pyrilamine injections into the NBM alter 
cortical ACh levels during CTA acquisition and retrieval 

Cortical ACh levels during CTA acquisition for the control and 
intra-NBM pyrilamine injected groups are presented in Figure 5A 
and 5C. A repeated measures ANOVA for ACh levels during the 
acquisition trial revealed significant effects of group (Fi 8 = 6.159, 
p<.05) and sample (Fi 8 = 6.343, p<.Ol), and a significant 
gToupxsample interaction (Fi 8= 3.176, ^<.01). One way ANO- 
VAs for each sample revealed that ACh levels differed significantiy 
between the groups in sample 9 (Fi g — 21.809, p<.Ol), which was 
collected during the last 15 min of the 45-min taste stimulus 
presentation. 

The CTA behavioral data for the intra-NBM pyrHamine- 
infused animals and saline controls are presented in Fig. 5B. A 
simple ANOVA showed no significant differences between the 
groups in baseline water consumption (data not shown). A 
repeated measures ANOVA for saccharin solution consumption 
during acquisition and retrieval days, revealed experiment day 
significant effects (Fj 8 = 23. 120, /i<. 01), and significant interaction 
group xday (Fi_8 = 6.480, p<.05), but not a significant effects of 
group (Fi 8 = 3.368, p>.05) Fisher's post hoc tests indicated that 
saccharin consumption on CTA acquisition day did not differ 
between the groups (p>.05), demonstrating that pyrilamine 
injections into the NBM during CTA acquisition had no 
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Figure 4. RAHM effects in ACIi release during CTA acquisition and retrieval. A) Extracellular ACh in the IC of free-moving rats during CTA 
acquisition. The arrow shows time of saline or RAIVIH infusion, and the black bar indicates the saccharin consumption period (*p< 05 vs. samples 
samples 2 and 3). B) Saccharin consumption during CTA acquisition (shading = microdialysis day) and memory retrieval (N = 4 for each group; mean ± 
SEM, *p<.05). C) Extracellular ACh in the IC of free-moving rats during CTA retrieval. The black bar indicates the saccharin consumption period 
(*p<.05). D) Saccharin consumption during CTA acquisition and memory retrieval (shading = microdialysis day). (N = 5 for each group; mean ± SEM, 
*p<.05). 
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significant effect on motivation or liquid consumption during 
conditioning. However, during CTA retrieval, the pyrilamine 
injected group consumed more saccharin solution than did the 
saline control group {p<.Qb), indicating that the intra-NBM 
pyrilamine injections in the acquisition trial impaired subsequent 
CTA memory formation. 

The ACh levels observed during memory retrieval in the control 
and pyrilamine-injected groups (injections during CTA acquisition 
and microdialysis only during retrieval) are shown in Figure 5C. A 
repeated mc'a,sur(;,s ANOVA revealed a significant effect of sample 
on ACh levels during the retrieval trial (Fi fi = 2.793, p<.0\), but 
no effect of group (Fig =1.198 /)>.().^) and no significant 
groupxsample interaction (Fj 1.329, p>.Qb). Paired t-test for 
each sample revealed a significant increase of ACh in sample 9 
compared with the basal ACh levels observed in samples 1 and 2 
in pyrilamine group (p<.05). 

Hi receptor blockade in the NBM by pyrilamine during 
acquisition disrupted CTA memory in the retrieval trial (Fig. 5D). 



Baseline water consumption did not differ between the groups 
(ANOVA, data not shown). Repeated measures ANOVA for 
saccharin solution consumption during acquisition and retrieval 
days revealed significant effects of group (Fi g = 8. ,'393, p<0.05) but 
not between experiment day (Fi g = ,^.143, /)>.(),^), neither group x 
sample interaction (Fi g = 2.286, p>.Q5). Fisher's post hoc tests 
showed that saccharin consumption on the CTA acquisition day 
did not differ between the groups (/)>0.05), indicating that the 
intra-NBM pyrilamine injections did not affect motivation or 
liquid consumption during conditioning. Nevertheless, post hoc 
analysis showed that the pyrilamine-injected group consumed 
more saccharin solution during the CTA retrieval trial than did 
the saline controls {p<.()5), indicating that pyrilamine injections 
into the NBM during acquisition impaired CTA memory 
formation. 
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Figure 5. Pyrilamine effects in ACKi release during CTA acquisition and retrieval. A) Extracellular ACh levels in the IC of free-moving rats 
during CTA acquisition. The arrow shows time of saline or pyrylamine infusion and black bar indicates saccharin consumption period {^p<.05 vs. 
samples 5 and 6; *p<.05, between groups). B) Saccharin consumption during CTA acquisition (shading = microdialysis day) and memory retrieval 
(N = 5 for each group; mean ± SEM, *p<.05). C) Extracellular ACh in the IC of free-moving rats during CTA retrieval. The black bar indicates the 
saccharin consumption period (*p<-05 vs. samples samples 1 and 2). D) Saccharin consumption during CTA acquisition (when infusions were 
administered) and memory retrieval (shading = microdialysis day). (N = 4 for each group; mean ± SEM, *p<.05). 
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Conclusions 

The main finding of tlie present research was the demonstra- 
tion, in fi-ee-moving animals, of neurochemical modulation of 
ACh release into the IC being induced by local H3 receptor 
activation, or Hj receptor inhibition in the NBM, during CTA 
acquisition. This study demonstrates that the Hj and H3 receptor 
subtypes modulate ACh release in distinct ways, and that blocking 
ACh release into the IC by either manipulation during acquisition 
impairs subsequent CTA. Similar to observations in other cortical 
areas [30,34,35,50-52], our immunofluoresence results showed 
that H3 receptors are expressed in approximately half of the 
GABAergic cells in the IC and that Hi receptors are expressed in 
most, if not all, cholinergic cells in the NBM. These results are in 
line with the knowledge that histaminergic axons, which originate 
solely from the tuberomamillary nucleus, innervate almost all 
brain regions [34,51,53,54]. 

The present HPLC data are consistent with several previous 
studies demonstrating that novel stimuli induce cortical ACh 
release [5,6,28,50,55-58], and corroborate, in particular, prior 
work demonstrating that a novel taste (e.g. saccharin) increases 



ACh release within the IC of awake, freely moving rats, and that 
this release is dependent on the NBM [5] . Our findings also extend 
prior research demonstrating that ACh levels correlate with taste 
memory formation and that taste learning can be disrupted by 
NBM lesions [59] or cortical cholinergic antagonism [60], and can 
be enhanced by cholinergic agonism in the IC [15]. This 
convergence of evidence indicates that cholinergic activity in the 
insular gustatory neocortex, particularly cholinergic activation 
coming from the NBM, plays a critical role in the mnemonic 
representation of taste [61-64]. 

The present findings support the hypothesis that ACh 
modulates the general efficacy of sensory cortical processing 
during information association [21]. However, important ques- 
tions arise from this hypothesis. For example, if cholinergic 
neuromodulation participates in memory formation, either by 
encoding novelty at the cellular level, or by instructing the neural 
circuits to store the novel taste representation, it is not clear how 
cholinergic feedback activity is mediated in the NBM during 
novelty or famfliarity recognition. Additionally, it is not known 
how the selective pathways that originate in the NBM and are 
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involved in taste memory formation are controlled. In this regard, 
an increasing number of studies are providing new evidence 
suggesting that the histaminergic system could have an important 
function during the interactions mediated by NBM cholinergic 
activity. It has been demonstrated that the histaminergic system is 
largely responsible for cortical activation and cognitive activities 
during wakefulness [65]; it also constitutes an important wake- 
promoting system [66] and participates in the complex regulation 
of sleep stages, feeding, and cognition [35,45,67,68]. Given that 
the NBM receives substantial histaminergic afferents from the 
tuberomamUlary nucleus [33,34,69-71], the functional specificity 
of histamine release during cognitive processes may depend on the 
brain regions involved and the histaminergic receptor subtypes 
being bound, as well as on the nature of the cognitive task [72,73]. 

A second important set of findings from this study was that 
injections of the H3 agonist RAMH into the IC or of the Hi 
antagonist pyrilamine into the NBM impaired taste aversive 
memory formation while decreasing ACh levels in the IC, which 
are normally elevated during novel taste consumption. These 
results indicate that increased cortical ACh release during novel 
taste consumption requires the integrity of (at least) two subtypes of 
histaminergic receptors localized in the NBM and IC. Further- 
more, our results show that opposing actions by cortical H3 
receptors and basal Hi receptors are crucial for novelty processing 
during CTA acquisition. These findings agree with previous 
reports in which blockade of NBM histamine receptors impaired 
memory formation of different tasks that require an intact 
cholinergic system [52,74,75]. Moreover, H3 receptor activation 
facilitates object recognition memor\' and aversive context 
learning [30,76,77], suggesting that monoaminergic-cholinergic 
system interactions [78] are modulated by H3 receptors that 
regulate ACh release in the entorhinal cortex [51,79], NBM, and 
medial septum [50,80]. Additionally, NBM cholinergic neurons 
have been shown to be activated mainly through Hi histamine 
receptors, and histamine injections into the basal forebrain have 
been shown to increase ACh release in the cortex 
[6,31,34,37,43,74]. 

Recent evidence showing opposite effects of difierent histamine 
receptor subtypes highlights the complexity of the histaminergic 
system [32,40,63]. Bacciottini et al. (2001) have posited that the 
histaminergic system may be comprised of two components: one 
inhibitory, related to local nerve terminal actions, and the other 
excitatory, interacting with cholinergic cells in the cholinergic 
basal forebrain. H3 receptors, located post-synaptically in the 
cortex, facilitate GABA release, which appears to inhibit increases 
in ACh release in the cortex [52]. Inhibition of ACh release by H3 
agonism in the cortex can be reversed by local GABAa receptor 
antagonism [81]. Conversely, histamine in the NBM acts in the 
opposite fashion, facilitating the release of cortical ACh through 

References 

1. McCjaugh JL, (kahili L (1997) Interaction of" nruromodulatory systems in 
modulating mrmor)' storage Bcliav Brain Res 83: 31—38. 

2. Hassclmo ME (2006) The role of acetylcholine in learning and memory. Curr 
Opin Nem-obiol 16: 710-715. 

3. Robinson L, Piatt B. Riedel G {201 1) Involvement of the cholinergic system in 
conditioning and perceptual memory. Behav Brain Res 221: 443—465. 

4. Weinberger NM, Bakin JS (1998) Learning-induced physiological memory in 
adult primary auditory cortex: receptive fields plasticity, model, and mecha- 
nisms. Audiol Neurootol 3: 14,')— 167. 

,5. Miranda MI, Bermudez-Rattoni ¥ (1999) Reversible inactivation of the nucleus 
basahs magnocellularis induces disruption of cortical acetylchohne release and 
acquisition, but not retrieval, of aversive memories. Proc Natl Acad Sci USA 
96: 6478-6482. 

6. Ceeehi M, Passani MB, Bacciottini L, Mannaioni PI-', Blandina P (200 1) Cortical 
acetylcholine release elicited by stimulation of histamine HI receptors in the 



Hi receptors [32,74]. For example, intra-NBM administration of 
histamine through a microdialysis probe increases ACh release in 
the parietal cortex, probably through Hi receptors [6,50]. In light 
of the aforementioned evidence of dual, opposing effects of 
histamine — excitatory on NBM cell bodies and inhibitory on 
cholinergic terminals [30,81] — our demonstration here that 
GABAergic cells in the IC express H3 receptors suggests that 
there may be an important GABA/ ACh interaction during taste 
memor)' formation that is regulated by histaminergic activity. 
Further studies are needed to test this hypothesis. 

The present evidence indicates that Hi receptors in the NBM 
and H3 receptors in the IC must be activated and inhibited, 
respectively, during novel taste learning, since the pharmacological 
manipulation of these receptors can alter release of ACh into the 
IC, and this release is a requirement for novel processing during 
taste learning. Our hypothesis also includes the possibility that 
GABA activity could be modulated by histamine receptors in the 
IC during acquisition as well as during retrieval of taste aversive 
memors' [1 1.82]. 

Finally, accumulating evidence shows that histamine plays a 
major role in the maintenance of arousal and contributes to the 
modulation of appetite, energy homeostasis, motor behavior, and 
cognition [40,68,83,84]. All of these diverse physiological roles are 
involved in the complex task of feeding, a major guiding influence 
of which is taste memory. The evidence presented in this article 
indicates that pathways modulated by NBM cholinergic activity 
are coordinated by different subpopulations of histamine receptors 
located on the cell body or terminals, providing further support for 
the view that "the histaminergic system is organized into distinct 
functional pathways modulated by selective mechanisms" [32]. In 
particular, during taste memory formation and retrieval, ACh 
release into the cortex may be finely tuned by histaminergic 
activity to coordinate novel versus familiar stimulus processing in 
taste memory recognition. 

Acknowledgments 

We thank Angela Gabriela Vera-Rivera, Jos€ Alejandro Rangel-Heman- 
dez and Elsa Nydia Hernandez-Rios for technical support, and Shaun 
Harris and Dr. Dorothy Plcss for English rc\ie\v. VVc also thank Dr. Ann 
Power Smith at Wrilt" Science Right for scientilic language editing. 

Author Contributions 

Conceived and designed the experiments: MIM LPS. Performed the 
experiments: LPS. Analyzed the data: LPS MIAL Contributed reagents/ 
materials/analysis tools: MIM. Wrote the paper; LPS MIM. Development 
of Immunofluorescence assays: LPS. Final approval of the version: LPS 
MIM. 



nucleus basalis magnocellularis; a dual-probe microdialysis study in die freely 
moving rat. Eur J Ncurosci 13: 68-78. 

7. Montcro-Pasror A, Valr-Martinrz A, (iuillazo-Blanch G, Nadal-Alcmany R, 
Marti-Nicolovius jVI, ct al. (2001) Nucleus basalis magnocellularis electrical 
stimulation facilitates two-way active avoidsuice retention, in rats. Brain Res 900: 
337-341. 

8. Rokem A, Silver MA (2013) The benefits of cholinergic enhancement during 
perceptual learning are long-lasting. Front Comput Neurosci 7: 66. 

9. de Souza Silva MA, Lenz B, Rotter A, Biermann T, Peters O, et al. (2013) 
Xeurokinin?) receptor as a target to predict and improve learning and memory in 
the aged organism. Proc Natl Acad Sci U S A 110: 15097-15102. 

10. Hasselmo ME, McGaughy J (2004) High acetylcholine levels set circuit 
dynamics for attention and encoding and low acetylcholine levels set dynamics 
for consohdation. Prog Brain Res 145: 207-231. 

11. Berman DE, Hazvi S, Neduva V, Dudai Y (2000) The role of identilied 
neurotransmitter systems in the response of insular cortex to unfamiliar taste: 



PLOS ONE I www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e9n20 



Histaminergic Modulation during Taste Learning 



activation of ERKl-2 and formation of a memory trace. J Neurosci 20: 7017— 
7023. 

12. Miranda MI, Ferrerra G, Ramirez-Lugo L, Bermudez-Rattoni F (2003) Role of 
cholinergic system on the construction of memories: taste memory encoding. 
Neurobiol Learn Mem 80: 211-222. 

13. Miranda MI, Ramirez-Lugo L, Bermudez-Rattoni F (2000) Cortical cholinergic 
activity is related to the novelty of the stimulus. Brain Res 882: 230—235. 

14. Gutierrez R, Rodriguez- Ortiz CJ, De La Cruz V, Nunez-Jaramillo L, 
Bermudez-Rattoni ¥ (2003) Cholinergic dependence of taste memorv formation: 
evidence of two distinct processes. Xciirobiol Learn Alem 80: 323 331. 

15. Clark EW, Bernstein IL (2009) Boosting cholinergic activity in gustatory cortex 
enhances the salience of a familiar conditioned stimulus in taste aversion 
learning. Behav Neurosci 123: 764-771. 

16. Hagan JJ, Salamone JD, Simpson J, Iversen SD, Morris RG (1988) Place 
navigation in rats is impaired by lesions of medial septum and diagonal band but 
not nucleus basalis magnoceUularis. Behav Brain Res 27: 9—20. 

17. Rasmusson AM, Hauger RL, Morgan CA, Bremner JD, Charney DS, et al. 
(2000) Low baseline and yohimbine-stimulated plasma neuropeptide Y (NPY) 
levels in combat-related PTSD. Biol Psychiatry 47: 526-539. 

18. Sa\'age LM (2012) Sustaining high aeetvleholine levels in the frontal cortex, but 
noi retrosplenial cortex, recovers spatial memory performance in a rodent model 
of diencephalic amnesia. Behav Neurosci 126: 226—236. 

19. Douchamps V, Jeewajee A, Blundell P, Burgess N, Lever C (2013) Evidence for 
encoding versus retrieval scheduling in the hippocampus by theta phase and 
acetylcholine. J Neurosci 33: 8689-8704. 

20. BuresJ, Bermudez-Rattoni F, Yamamoto T (1998) Conditioned Taste Aversion. 
Memory of a Special Kind; Publications OS, editor: Oxford University Press. 
178 p. 

21. Hassehno ME, Sarter M (2011) A'lodes and models of forebrain cholinergic 
neuromodulation of cognition. Neuropsvehopharmaeology 36: 52-73. 

22. Hasselmo ME, Barkai E (1995) Cholinergic modulation of activity-dependent 
synaptic plasticity in the piriform cortex and associative memory fijnction in a 
network biophysical simulation. J Neurosci 15: 6592—6604. 

23. Hasselmo ME (1999) Neuromodulation: acetylcholine and memory consolida- 
tion. Trends Cogn Sci 3: 351-359. 

24. Heys JG, Schultheiss NW, Shay CF, Tsuno Y, Hasselmo ME (2012) Effects of 
acetylcholine on neuronal properties in entorhinal cortex. Front Behav Neurosci 
6: 32. 

25. Hasselmo ME (1995) Neuromodulation and cortical function: modeling the 
phvsiological basis of behavior. Behav Brain Res 67: 1-27. 

26. Hassehno ME (1999) Neiircjmcjdulation and the hippocampus: memory fiinction 
and dysfunction in a network simulation. Prog Brain Res 121: 3—18. 

27. Hasselmo ME, HayJ, Ilyn M, Gorehetchnikov A (2002) Neuromodulation, theta 
rhythm and rat spatial navigation. Neural Netw 15: 689-707. 

28. Hasselmo ME, Schnell E (1994) Laminar seleetivitv of the cholinergic 
suppression of synaptic transmission in rat hippocampal region CAl : 
computational modeling and brain slice physiology. J Neurosci 14: 3898-3914. 

29. Bacciottini L, Passani MB, Giovannelli L, Cangioli I, Mannaioni PF, et al. (2002) 
Endogenous histamine in the medial septum-diagonal band complex increases 
the release of acetylcholine from the hippocampus: a dual-probe microdialysis 
study in the freely moving rat. Eur J Neurosci 15: 1669-1680. 

30. Blandina P, (jiorgetti M, Bartolini L, Oeehi M, Timmerman H, et al. (1996) 
Inhibition of cortical acetylcholine release and rognitive performance by 
histamine H3 receptor activalifin in rals. Br ) Pharmacol 119: 1656 1664. 

31. Giannoni P, Mcdhurst AD, Passani MB, Giovannini M(;, Ballini C, et al. (2012) 
Regional differential effects of the novel histamine H3 receptor antagonist 6-[(3- 
cyclobutyl-2,3,4,5-tetrahydro-lH-3-benzazepin-7-yl)oxyj-N-methyl-3-pyridine 
carboxamide hydrochloride (GSK 189254) on histamine release in the central 
nervous system of freely moving rats. J Pharmacol Exp Ther 332: 164—172. 

32. Munari L, Provcnsi G, Passani MB, Blandina P (2013) Selective brain region 
activation by histamine H receptor antagonist /inverse agonist ABT-239 
enhances acetylcholine and histamine release and increases c-Fos expression. 
Neuropharmacology' 70C: 131-140. 

33. Panula P, Yang HY, Costa E (1984) Histamine-containing neurons in the rat 
hypodialamus. Proc Natl Acad Sci U S A 81: 2572-2576. 

34. Giannoni P, Passani MB, Nosi D, Chazot PL, Shenton FC, et al. (2009) 
Heterogeneity of histaminergic neurons in the tuberomammiUary nucleus of the 
rat. Eur J Neurosci 29: 2363-2374. 

35. de Almeida MA, Izquierdo I (1986) Memon.' facilitation by histamine. Arch Int 
Pharmacodyn Ther 283: 193-198. 

36. de Almeida MA, Izquierdo I (1988) Intracerebroventricular histamine, but not 
48/ 80, causes posttraining memory facilitation in the rat. Arch Int Pharmacodyn 
Ther 291: 202-207. 

37. Benetd E, Baldi E, Bucherelli C, Blandina P, Passani MB (2012) Histaminergic 
ligands injected into the nucleus basalis magnoceUularis differentially affect fear 
conditioning consolidation. Int J Neuropsychopharmacol: 1-8. 

38. Benetti F, da Silveira CK, da Silva WC, Cammarota M, Izquierdo 1 (2012) 
Histamine reverses a memory deficit induced in rats by early postnatal maternal 
deprivation. Neurobiol Learn Mem 97: 54-58. 

39. Esbenshade TA, Browman KE, Miller TR, Krueger KM, Komater-Roderwald 
V, et al. (2012) Pharmacological properties and procognitive effects of ABT-288, 
a potent and selective histamine H3 receptor antagonist. J Pharmacol Exp Ther 
343: 233-245. 



40. Kohler CA, da Silva \VC, Benetti F, BoniniJS (2012) Histaminergic mechanisms 
for modulation of memory systems. Neural Plast 2011: 328602. 

41. Kruk M, Miszkiel J, McCreary AC, Przegalinski E, Filip M, et al. (2012) Effects 
of the histamine H(3) receptor antagonist ABT-239 on cognition and nicotine- 
induced memory enhancement in mice. Pharmacol Rep 64: 1316—1325. 

42. Benetti F, Baldi E, Bucherelli C, Blandina P, Passani MB (2013) Histaminergic 
ligands injected into the nucleus basalis magnoceUularis differentially affect fear 
conditioning consolidation. Int J Neuropsychopharmacol 16: 575-582. 

43. Benetti E, Izquierdo 1 (2013) Histamine infused into basolateral amygdala enhances 
memory consolidation of inhibitory avoidance. Inl J Neiirops\chopharniacfil: 1 7. 

44. Brabant C, Charlier Y, Tirelli E (2013) The histamine H(3)-rcccptor inverse 
agonist Pitolisant improves fear memory in mice. Behav Brjiin Res 243C: 199- 
204. 

45. Puron-Sierra L, Sabath E, Nunez-Jaramillo L, Miranda MI (2010) Blockade of 
nucleus basalis magnoceUularis or activation of insular cortex histamine 
receptors disrupts formation but not retrieval of aversive taste memory. 
Neurobiol Learn Mem 93: 216-220. 

46. Paxinos G, Watson C (1982) The rat brain in stereotaxic coordinates: Academic 
Press. 

47. Miranda Ml, Eerreira G, Ramirez-Lugo L, Bermudez-Rattoni F (2002) 
(ilutamatergic activirv in the amygdala signals visceral input during taste 
memory formation. Proc Natl Acad Sci U S A 99: 1 1417-1 1422. 

48. Miranda MI, Quirarte GL, Rodriguez -Garcia G, McGaughJL, Roozendaal B 
(2008) Glucocorticoids enhance taste aversion memory via actions in the insular 
cortex and basolateral amygdala. Learning & memory 15: 468-476. 

49. Miranda MI, Bermudez-Rattoni F (1998) Acetylcholine determination of 
microdialysates of fetal neocortex grafts that induce recovery of learning. Brain 
Res Brain Res Protoc 2: 215-222. 

50. Cecchi M, Giorgetti M, Bacciottini L, Giovannini MG, Blandina P (1998) 
Increase of acetylcholine release from cortex of freely moving rats by 
administration of histamine into the nucleus basalis magnoceUularis. Inflamm 
Res 47 Suppl 1: S32-33. 

51. ArrangJM, Drutel G, Schwartz JC (1995) Characterization of histamine H3 
receptors regulating acetylcholine release in rat entorhinal cortex. Br J Pharmacol 
114: 1518-1522. 

52. Bacciottini L, Passani MB, Mannaioni PF, Blandina P (2001) Interactions 
between histaminergic and cholinergic systems in learning and memory. Behav 
Brain Res 124: 183-194. 

53. Blandina P, Munari L, Provensi G, Passani MB (2012) Histamine neurons in the 
tuberomamillary nucleus: a whole center or distinct subpopulations? Front Syst 
Neurosci 6: 33. 

54. CangioU 1, Baldi E, Mannaioni PL, BucherelU C, Blandina P, et al. (2002) 
Activation of histaminergic H3 receptors in the rai basolateral amygdala 
improves expression of fear memorv and enhances acetylcholine release. 
Eur J Neurosci 16: 521-528. 

55. Orsetti M, Casamenti F, Pepeu G (1996) Enhanced acetylcholine release in the 
hippocampus and cortex during acquisition of an operant behavior. Brain Res 
724: 89-96. 

56. Fibiger HC, Damsma G, Day JC (1991) Behavioral pharmacology and 
biochemistry of central cholinergic neurotransmission, Adv Exp Med Biol 295: 

399-414. 

57. Weinberger NM, BakinJS (1998) Research on auditory cortex plasticity. Science 

280: 1174. 

58. Giovannini MG, Rakovska A, Benton RS, PazzagH M, Bianchi L, et al. (2001) 
Effects of novelty and habituation on acetylcholine, GABA, and glutamate 
release from the frontal cortex and hippocampus of freely moving rats. 
Neuroscience 106: 43-53. 

59. Lopez-Garcia JC, Fernandez-Ruiz J, Escobar ML, Bermudez-Rattoni F, Tapia 
R ;1993; Effects of excitotoxie lesions of the nucleus basalis magnoceUularis on 
conditioned taste aversion and inhibitory avoidance in the rat. Pharmacol 
Biochem Behav 45: 147-152. 

60. Naor C, Dudai Y (1996) Transient impairment of cholinergic function in the rat 
insular cortex disrupts the encoding of taste in conditioned taste aversion. Behav 
Brain Res 79: 61-67. 

61. Bartus RT, Dean RL, Pontecorvo MJ, Flicker C (1985) The cholinergic 
hypothesis: a historical overview, current perspective, and future directions. 
Ann N Y Acad Sci 444: 332-358. 

62. FUcker C, Dean RL, Watkins DL, Fisher SK, Bartus RT (1983) Behavioral and 
neurochemical effects following neurotoxic lesions of a major cholinergic input 
to the cerebral cortex in the rat. Pharmacol Biochem Behav 18: 973-981. 

63. Baldi E, Mariottini C, Bucherelli C (2008) Differential roles of the basolateral 
amygdala and nucleus basalis magnoceUularis during post-reactivation contex- 
tual fear conditioning reconsolidation in rats. Neurobiol Learn Mem. 

64. Power AE (2004) Muscarinic cholinergic contribution to memory consoHdation: 
with attention to involvement of the basolateral amygdala. Curr Med Chem 11: 
987-996. 

65. Anaclet C, Parmentier R, Ouk K, Guidon G, Buda C, et al. (2009) Orexin/ 
hypocretin and histamine: distinct roles in the control of wakefulness 
demonstrated using knock-out mouse models. J Neurosci 29: 14423-14438. 

66. LinJS, Sergeeva OA, Haas HE (2011) Histamine H3 receptors and sleep-wake 
regulation. J Pharmacol Exp I'her 336: 17—23. 

67. Raddatz R, Tao M, Hudkins RL (2010) Histamine H3 antagonists for treatment 
of cognitive deficits in CNS diseases. Curr Top Med Chem 10: 153—169. 



PLCS ONE I www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e9n20 



Histaminergic Modulation during Taste Learning 



6f5. Kruk M, MiszkiclJ, McCrcary AC, PrzcgaJinski E, I'ilip M, ct aL (2012) Effects 
of the histamine H(3) receptor antagonist AB r-239 on cognition and nicotine- 
induced memory enhancement in mice. PhEirmacol Rep 64: 1316—1325. 

69. Panula P, Pirvola U, Auvinen S, Airaksinen MS (1989) Histamine-immunore- 
active nerve fibers in the rat brain. Neuroscience 28: 585-610. 

70. Privou C, Knoche A, Hasenohrl RU, Huston JP (1998) The HI- and H2- 
histaminc blockers chlorpheniramine and ranitidine applied to the nucleus 
basalis ma^noccllularis r(\^ion modulate anxiety and reinforcement related 
processes. Neuropharmaeolo^t^ 37: 1019 1032. 

71. Privou C, Li JS, Hasenohrl RU, llusinn JP (1999) Enhanced learning bv 
posttrial injection of HI -but not H2-histaminergic antagonists into the nucleus 
basEilis magnoceliularis region. Neurobiol Learn Mem 71: 308-324. 

72. Passani MB, Blandina P, Torrealba F (2011) The histamine H3 receptor and 
eating behavior. J Pharmacol Exp Ther 336: 24-29. 

73. Passani MB, Giannoni P, BuchereUi C, Baldi E, Blandina P (2007) Histamine in 
the brain: beyond sleep and memory. Bioehem Pharmacol 73: 1 1 13-1 122. 

74. Khatcb A, Fort P, Pegna A, Jones BE, Muhlcthaler M (1995) Cholinergic 
nucleus basalis neurons arc excited by histamine in vitro. Neuroscience 69: 495- 
506. 

75. Onodera K, Yamatodani A, Watanabc T, Wada H (1994) Neuropharmacology 
of the histsmiinergic neuron system in the brain and its relationship with 
behavioral disorders. Prog Neurobiol 42: 685-702. 

76. Gianlorenco AC, Canto-de-Souza A, Mattioh R (2012) Microinjection of 
histamine into the cerebellar vermis impairs emotional memory consohdation in 
mice. Brain Res Bull 86: 134-138. 



77. Blandina P, (iiorgetti M, Cecchi M, Lcurs R, Timmerman H, ct al. (1996) 
Histamine H3 receptor inhibition of K(+)-evoked release of acetylcholine from 
rat cortex in vivo. Inflamm Res 45 Suppl 1: S54~55. 

78. Giovannini MG, CeccareUi I, Molinari B, Cecchi M, Goldfarb J, et al. (1998) 
Serotonergic modulation of acetylcholine release from cortex of freely moving 
rats. J Pharmacol Exp Ther 285: 1219-1225. 

79. ArrangJM, Drutel G, Garbarg M, Ruat M, Traiffort E, et al. (1995) Molecular 
and functional diversity of histamine receptor subtypes. Ann N Y Acad Sci 757: 
314-323. 

aO. Passani MB, Baceiollnii L, Mannaioni PP. Blandma P (2000) Central 
histaminergic system and cognition. Neurosci Biobehav Rev 24: 107—113. 

81. Giorgetti M, Bacciottini L, Bianchi L, Giovannini MG, Cecchi M, et al. (1997) 
GABAergic mechanism in histamine H3 receptor inhibition of K(+)-evoked 

release of acetylcholine from rat cortex in vivo. Inflamm Res 46 Suppl 1: S33— 
34. 

82. Moron 1, Ramirez-Lugo L, Ballesteros MA, (iurierrez R. Miranda Ml, et al. 
(2002) Uitferential clfects of bicuculline and muscimol microinjections into the 
nucleus basalis magnoceliularis in taste and place aversive memory formation. 
Behav Brain Res 134: 425-431. 

83. Derc E, Zlomuzica A, Dc Souza Silva MA, Ruocco LA, Sadile AG, et al. (2010) 
Neuronal histamine and the interplay of memory, reinforcement and emotions. 
Behav Brain Res 215: 209-220. 

84. Zlomuzica A, Ruocco LA, Sadile AG, Huston JP, Dere E (2009) Histamine HI 
receptor knockout mice exhibit impaired spatial memory in the eight-arm radial 
maze. BrJ Pharmacol 157: 86-91. 



PLOS ONE I www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e91120 



